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INTRODUCTION 

The  h y d r o g e n a t i o n  of c a r b o n  monox ide  f o r  t h e  s y n t h e s i s  of  
h y d r o c a r b o n  was e x t e n s i v e l y  i n v e s t i g a t e d  i n  Germany b e  i n i n g  i n  
t h e  1 9 2 0 ~ ( ' ~  a n d  i n  t h e  U n i t e d  S t a t e s  d u r i n g  t h e  1 9 5 0 ~ . ' ~ ~  T h e s e  
e a r l y  s t u d i e s  f o c u s e d  on t h e  p r o d u c t i o n  o f  l i q u i d  h y d r o c a r b o n s  a n d  
m e t h a n e  a n d  v e r y  l i t t l e - t t e n t i o n  was p a i d  t o  t h e  s y n t h e s i s  o f  low- 
m o l e c u l a r  w e i g h t  h y d r o c a r b o n s  s u c h  a s  e t h a n e ,  e t h y l e n e ,  p r o p a n e ,  
b u t a n e  a n d  b u t y l e n e s .  

C o p r e c i p i t a t e d  i r o n - m a n g a n e s e   catalyst^'^) g a v e  f a v o r a b l e  
s e l e c t i v i t y  f o r  l o w  m o l e c u l a r  w e i g h t  o l e f i n s .  T h i s  p r e l i m i n a r y  
i n ~ e s t i g a t i o n ( ~ )  was e x t e n d e d  t o  i n c l u d e  p r o c e s s  v a r i a b l  
r e a c t o r  s t u d i e s  u s i n g  c o p r e c i p i t a t e d  i r o n - m a n g a n e s e  c a t a l y s t s .  ' i 4 - % P d  

Raney  a l l o y  c a t a l y s t s ,  f i r s t  d e v e l o p e d  by R a n e ~ ( ~ ) ,  h a v e  b e e n  
u s e d  i n  a p p l i c a t i o n s  w h e r e  h i g h  a c t i  i y a n d  s e l e c t i v i t y  were 
r e q u i r e d  i n  h y d r o g e n a t i o n  r e a c t i o n s .  Raney  i r o n - m a n g a n e s e  

' c a t a l y s t s  h a v e  r e c e n t l y  b e e n  s t u d i e d  t o  d e t  r m i n e  t h e i r  s e l e c t i v i t y  
t o w a r d s  low m o l e c u l a r  w e i g h t  C 2 - C 4  o l e f i n s .  (') 

The  o b j e c t i v e  of  t h i s  i n v e s t i g a t i o n  was t o  d e t e r m i n e  t h e  
op t imum o p e r a t i n g  c o n d i t i o n s  f o r  t h e  p r o d u c t i o n  of  l o w - m o l e c u l a r  
w e i g h t  o l e f i n s  o v e r  Raney i r o n - m a n g a n e s e  c a t a l y s t s .  

E X P E R I M E N T A L  A P P A R A T U S  A N D  P R O C E D U R E S  

Raney A l l o y  P r e p a r a t i o n  

The  i n d i v i d u a l  metal  c o m p o n e n t s ;  a luminum,  i r o n  a n d  m a n g a n e s e  
w e r e  we ighed  i n  t h e  a p p r o p r i a t e  p r o p o r t i o n s :  Al/Fe/Mn - 5 9 / 3 8 / 3  
p a r t s  by w e i g h t ,  w e r e  t h o r o u g h l y  mixed  a n d  t r a n s f e r r e d  t o  a c a r b o n  
c r u c i b l e ,  w h i c h  was p l a c e d  i n s i d e  a c e r a m i c  c r u c i b l e  a n d  h e a t e d  by 
a n  e l e c t r i c  f u r n a c e  a t  1 5 2 3  K f o r  24 h o u r s  i n  f l o w i n g  a r g o n .  The  
r e s u l t i n g  m e l t  was q u e n c h e d  t o  room t e m p e r a t u r e .  S p e c i f i c  d e t a i l s  
r e g a r d i n g  ( 8 ; B e  p r e p a r a t i o n  p r o c e d u r e s  h a v e  b e e n  r e p o r t e d  
e l s e w h e r e .  

Raney  C a t a l y s t  A c t i v a t i o n  

F i f t y  g r a m s  of t h e  a l l o y  ( 2 5 - 5 0  m e s h )  w e r e  a d d e d  i n  5 gram 
a l i q u o t s  t o  a w e l l - s t i r r e d  t a n k  r e a c t o r  wh ich  c o n t a i n e d  a 2 5 - w e i g h t  
p e r c e n t  s o l u t i o n  of s o d i u m  h y d r o x i d e  a t  3 - m i n u t e  i n t e r v a l s  t o  a v o i d  
a s i g n i f i c a n t  t e m p e r a t u r e  r i s e  i n  t h e  s o l u t i o n .  T h e  r e a c t i o n  
t e m p e r a t u r e  was c o n t r o l l e d  a t  3 6 3  ?: 5 K .  A f t e r  a l l  t h e  a l l o y  h a d  
b e e n  a d d e d  t o  t h e  r e a c t o r  i t  was m a i n t a i n e d  a t  t h e  l e a c h i n g  
t e m p e r a t u r e  f o r  a n  a d d i t i o n a l  9 0  m i n u t e s  i n  o rder  t o  c o m p l e t e  t h e  
l e a c h i n g  OP t h e  a luminum.  The  c a t a l y s t  was washed  w i t h  d i s t i l l e d  

95 



water u n t i l  t h e  pH o f  t h e  d e c a n t e d  s o l u t i o n  was 7 . 0  fr 0.3 .  I t  was 
t h e n  washed t h r e e  times w i t h  9 5 %  a l c o h o l ,  f o l l o w e d  b y  t h r e e  t i m e s  
w i t h  100% a l c o h o l .  The c a t a l y s t  was s t o r e d  u n d e r  1 0 0 %  e t h y l  a l c o h o l  
i n  a r e f r i g e r a t o r  f o r  s u b s e q u e n t  c h a r a c t e r i z a t i o n  a n d  e v a l u a t i o n .  

C a t a l y s t  E v a l u a t i o n  A p p a r a t u s  

A f i x e d - b e d  f l o w  r e a c t o r  was u s e d  t o  e v a l u a t e  t h e  c a t a l y s t s .  
The  f l o w  r a t e s  o f  H 2  a n d  CO g a s e s  w e r e  c o n t r o l l e d  by mass f l o w  
m e t e r s  ( U n i o n  C a r b i d e  Model F M  4 5 5 0 )  w h i c h  w e r e  c a l i b r a t e d  a t  
d i f f e r e n t  o p e r a t i n g  p r e s s u r e s  f o r  a v a r i e t y  of  f l o w  r a t e s .  A Grove  
l o a d e r  was u s e d  a s  a back  p r e s s u r e  c o n t r o l  v a l v e  t o  m a i n t a i n  t h e  
r e a c t o r  s y s t e m  p r e s s u r e  c o n s t a n t .  Downst ream f r o m  t h e  G r o v e  l o a d e r ,  
t h e  p r e s s u r e  d r o p p e d  t o  t h e  a m b i e n t  p r e s s u r e .  A c o n d e n s e r  a t  t h e  
a m b i e n t  t e m p e r a t u r e  a n d  p r e s s u r e  was u s e d  t o  c o l l e c t  t h e  l i q u i d  
p r o d u c t s .  The c o n d e n s a b l e  v a p o r - f r e e  p r o d u c t  g a s  f l o w  was m e a s u r e d  
w i t h  a wet t e s t  meter. 

C a t a l y s t  E v a l u a t i o n  U n i t  and  O p e r a t i n g  P r o c e d u r e  

A p p r o x i m a t e l y ,  2 g r a m s  o f  d r i e d  c a t a l y s t  was mixed  w i t h  a n  
a p p r o p r i a t e  amount  of  i n e r t  D e n s t o n e ,  we t t ed  w i t h  w a t e r  a n d  l o a d e d  
i n t o  t h e  r e a c t o r .  A h y d r o g e n  f l o w  ( 6 0 0  c m 3 / m i n )  was e s t a b l i s h e d  
t h r o u g h  t h e  c a t a l y s t  b e d  a t  t h e  a m b i e n t  t e m p e r a t u r e  a n d  p r e s s u r e  and 
was m a i n t a i n e d  f o r  1 h o u r  t o  e v a p o r a t e  a n y  w a t e r  f r o m  t h e  c a t a l y s t  
s u r f a c e .  The  t e m p e r a t u r e  o f  t h e  s y s t e m  was t h e n  r a i s e d  t o  6 4 8  K i n  
f l o w i n g  h y d r o g e n  a n d  t h e  c a t a l y s t  was r e d u c e d  f o r  6 h o u r s .  A t  t h e  
d e s i r e d  t e m p e r a t u r e ,  t h e  r e a c t a n t  g a s  ( a  m i x t u r e  o f  H 2 / C O )  was 
p a s s e d  t h r o u g h  t h e  s y s t e m  a n d  t h e  p r e s s u r e  was s l o w l y  i n c r e a s e d  t o  
t h e  d e s i r e d  v a l u e .  The s t a b i l i z a t i o n  p e r i o d  f o r  a t y p i c a l  
e x p e r i m e n t  w i t h  t h e  Raney i r o n - m a n g a n e s e  c a t a l y s t  was 6 t o  15 
h o u r s .  When n e c e s s a r y .  t h e  s y s t e m  o p e r a t i n g  v a r i a b l e s  were c h a n g e d  
a n d  a f t e r  t h e  s y s t e m  s t a b i l i z e d  a t  t h e  new c o n d i t i o n s  (30  t o  45 
m i n u t e s )  t h e  p r o d u c t  s t r e a m  was s a m p l e d  a f t e r  a n  a d d i t i o n a l  10 
m i n u t e s .  The  g a s  p r o d u c t s  were a n a l y z e d  by a g a s  c h r o m a t o g r a p h  ( H P  
5 8 3 0 A ) .  A t he rma l  c o n d u c t i v i t y  d e t e c t o r  ( T C D )  was u s e d  f o r  c a r b o n  
d i o x i d e ,  c a r b o n  m o n o x i d e  a n d  w a t e r  a n d  a f l a m e  i o n i z a t i o n  d e t e c t o r  
(FID) was u s e d  for t h e  h y d r o c a r b o n  p r o d u c t s  up to h e p t a n e s .  A 
Chromosorb  102  ( 8 0 - 1 0 0  mesh 6 . 1  meters)  co lumn w h i c h  was  c a p a b l e  of  
r e s o l v i n g  m e t h a n e  t h r o u g h  t h e  h e p t a n e s  ( s a t u r a t e s  and  u n s a t u r a t e s ) ,  
was u s e d .  

C a t a l y s t  S t a b i l i t y  T e s t  

The s t a b i l i t y  o f  Raney i r o n - m a n g a n e s e  c a t a l y s t  was d e t e r m i n e d  
i n  a n  e x p e r i m e n t  w h i c h  l a s t e d  36-40 h o u r s .  T h e  g l o b a l  h e a t  t r a n s p e r  
p r o b l e m  a s s o c i a t e d  w i t h  e x o t h e r m i c  r e a c t i o n s  i n  f i x e d - b e d  r e a c t o r s  
was a l l e v i a t e d  by l o a d i n g  i n e r t  D e n s t o n e  w i t h  t h e  c a t a l y s t  T h e  
d e n s i t y  o f  Raney c a t a l y s t  i s  a p p r o x i m a t e l y  e q u a l  t o  2 g/cmS, and 
2 g r a m s  o f  i t  were u s e d  i n  e a c h  e x p e r i m e n t .  The a m o u n t s  o f  D e n s t o n e  
d i l u e n t  l o a d e d  w i t h  t h e  c a t a l y s t  i n  t h e  t h r e e  e x p e r i m e n t s  were 1 ,  2 ,  
a n d  4 C m 3 ,  r e s p e c t i v e l y .  T h u s ,  t h e  volume r a t i o s  u s e d  i n  t h e  
s t a b i l i t y  t es t s  were 1 .  2 a n d  4 .  
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PPOCeSs V a r i a b l e  I n v e s t i g a t i o n  

A s t a t i s t i c a l  d e s i g n ( ' )  method was u s e d  i n  t h e  p r o c e s s  v a r i a b l e  
i n v e s t i g a t i o n  w i t h  t h e  Raney i r o n - m a n g a n e s e  c a t a l y s t  s y s t e m .  F o u r  
v a r i a b l e s ,  n a m e l y ,  t e m p e r a t u r e ,  p r e s s u r e ,  H2/C0 r a t i o  a n d  s p a c e  
v e l o c i t y  were s e l e c t e d  f o r  s t u d y .  Each  p r o c e s s  o p e r a t i n g  v a r i a b l e  
was a s s i g n e d  f i v e  d i f f e r e n t  l e v e l s :  -2, -l,O, 1 a n d  2. The 
s e l e c t i o n  of  t h e  r a n g e  o f  o p e r a t i n g  v a r i a b l e s  was b a s e d  o n  
p r e l i m i n a r y  e x p e r i m e n t a l  d a t a  a n d  on  e x p e r i m e n t a l  d e s i g n  t h e o r y .  
The  p r o c e s s  o p e r a t i n g  c o n d i t i o n s  a r e  l i s t e d  i n  T a b l e  1 .  

RESULTS A N D  DISCUSSION 

C a t a l y s t  L o a d i n g  a n d  S t a b i l i t y  T e s t s  

The l o a d i n g  a n d  s t a b i l i t y  t e s t s  were c o n d u c t e d  t o  d e t e r m i n e  t h e  
r a n g e  o f  o p e r a t i n g  c o n d i t i o n s  f o r  t h e  p r o c e s s  v a r i a b l e  i n v e s t i g a t i o n  
a n d  t o  d e t e r m i n e  t h e  e f f e c t  o f  o n - s t r e a m  t i m e  o n  t h e  a c t i v i t y ,  
s e l e c t i v i t y  a n d  s t a b i l i t y  o f  Raney i r o n - m a n g a n e s e  c a t a l y s t s .  The  
c a r b o n  monoxide  c o n v e r s i o n  as  a f u n c t i o n  o f  r u n  t i m e  a t  d i f f e r e n t  
j n e q t  d i l u  n t  t o  c a t a l y s t  r a t i o s  a t  1 4 7 0  K P a ,  .443 K s v  o f  11. ?t?mi!ji 
d g t e r m i n e d  & h a t  t h e  i n d u c t i o n  D e r l o d  f o r  t h e  ca&alvs ts '  a t  t h r e e  

a n d  ?I / C O  r a t i o  of  two i s  p . r e s e n t e d  i n  F i ' u r e  1 

d i f f e r e n t  d i l u e n t / c a t a l y s t  r a t i o s  was a b o u t  1 5  h o u r s .  The  two 
d i l u t e d  bed  e x p e r i m e n t s  g a v e  t h e  same c a r b o n  m o n o x i d e  c o n v e r s i o n s  
2.85, a f t e r  15  h o u r s  on  s t r e a m .  T h e  e f f e c t  o f  r e a c t i o n  t e m p e r a t u r e  
o n  t h e  p r o d u c t  s e l e c t i v i t y  f o r  two d i f f e r e n t  d i l u e n t / c a t a l y s t  r a t i o s  
a t  1 4 7 0  KPa, s v  o f  4 . 2  c m 3 g - l s - '  a n d  H 2 / C 0  r a t i o  of two a r e  
p r e s e n t e d  i n F i g u r e S  2 a n d  3 .  The t e m p e r a t u r e  had  a l m o s t  no  e f f e c t  
o n  t h e  y i e l d s  o f  a l l  p r o d u c t s  e x c e p t  c a r b o n  d i o x i d e  i n  b o t h  c a s e s .  
The  c a r b o n  d i o x i d e  s e l e c t i v i t y  i n c r e a s e d  a s  t h e  t e m p e r a t u r e  
i n c r e a s e d  a n d  t h e  r a t e  of  i n c r e a s e  was a l m o s t  t h e  same f o r  b o t h  t h e  
d e n s e  a n d  t h e  d i l u t e d  b e d  modes o f  o p e r a t i o n ;  h o w e v e r ,  a t  a g i v e n  
t e m p e r a t u r e ,  t h e  c a r b o n  d i o x i d e  y i e l d  f o r  t h e  d i l u t e d  b e d  mode was 
l o w e r  t h a n  t h a t  f o r  t h e  d e n s e  bed mode. I t  was c o n c l u d e d  f r o m  t h e  
h i g h e r  o p e r a t i n g  t e m p e r a t u r e  and  l o w e r  c a r b o n  d i o x i d e  y i e l d s  i n  t h e  
d i l u t e d  bed  mode t h a t  t h e  s u r f a c e  t e m p e r a t u r e  o f  t h e  c a t a l y s t  i n  
d e n s e  bed mode was h i g h e r  t h a n  t h e  c a t a l y s t  s u r f a c e  t e m p e r a t u r e  i n  
t h e  d i l u t e d  b e d .  P o o r  h e a t  t r a n s f e r  i n  t h e  d e n s e  b e d  c a u s e d  a 
h i g h e r  t e m p e r a t u r e  g r a d i e n t .  The  r e s u l t s  o f  t h e  l o a d i n g  a n d  t h e  
s t a b i l i t y  t e s t  i n d i c a t e d  t h a t  t h e  p r e f e r r e d  d i l u e n t  t o  c a t a l y s t  
r a t i o  was f o u r  t o  o n e .  

P r o c e s s  V a r i a b l e  I n v e s t i g a t i o n :  C, -CI ,  O l e f i n  Y i e l d  R e s p o n s e  
E q u a t i o n  

A s t a t i s t i c a l  d e s i g n  model  was u s e d  t o  o p t i m i z e  t h e  C - C 4  
o l e f i n  p r o d u c t i o n .  The s e c o n d  o r d e r  r e s p o n s e  e q u a t i o n  f o r  a f o u r  
v a r i a b l e  system i s  w r i t t e n  a s  f o l l o w s :  

Y 1  - B + B 2 $ 2 2  + E 2 3 X 3 2 +  

where  y1 i s  t h e  C 2 - C 4  o l e f i n  t o  p a r a f f i n  r a t i o  r e s p o n s e  f a c t o r ,  X, 
i s  t h e  p r e s s u r e ,  X 2  is  t h e  t e m p e r a t u r e ,  X 3  i s  t h e  r e a c t a n t  g a s  s p a c e  
v e l o c i t y , a n d  X 4  is t h e  H2/C0 molar r a t i o .  

+ B 2 X $  + B3X3 + 84x4 + B l g X l  
2 + B 1 3  1'3 ' B14X1X4 ' '23'2 3 ' '24'2 4 ' '34 3'4 
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T h e  o p e r a t i n g  v a r i a b l e s ,  c a r b o n  m o n o x i d e  c o n v e r s i o n s  a n d  t h e  
p r o d u c t  d i s t r i b u t i o n s  f o r  2 5  d e s i g n  e x p e r i m e n t s  a r e  l i s t e d  i n  
T a b l e  2 .  The c a r b o n  d i o x i d e  y i e l d ,  t h e  c a r b o n  monoxide  c o n v e r s i o n ,  
t h e  c2-cq h y d r o c a r b o n  y i e l d ,  t h e  o l e + f i n  t o  p a r a f f i n  r a t i o  i n  t h e  C 2 -  
C 4  h y d r o c a r b o n  f r a c t i o n  a n d  t h e  C h y d r o c a r b o n  y i e l d  were u s e d  a s  
i n d e p e n d e n t  v a r i a b l e s  i n  t h e  S t a t ? S t i C a l  d e s i g n  c o m p u t a t i o n s .  The 
s e l e c t i v i t i e s ,  a s  r e f l e c t e d  by t h e  o l e f i n  t o  p a r a f f i n  r a t i o s  f o r  t h e  
C , C , C 4  a n d  C 2 - C q  h y d r o c a r b o n  f r a c t i o n s ,  a r e  l i s t e d  i n  T a b l e  3 .  
T i e  c2mputed  r e s p o n s e  s u r f a c e  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  l i s t e d  i n  
i n  T a b l e  4.  T h e  F - t e s t  t e c h n i q u e  was u s e d  t o  d e t e r m i n e  t h e  
s i g n i f l c a n c e  o f  e a c h  c o e f f i c i e n t .  T h o s e  c o e f f i c i e n t s  which  w e r e  
d e t e r m i n e d  n o t  t o  b e  s i g n i f i c a n t  w e r e  e l i m i n a t e d .  The r e d u c e d  s e t  
o f  r e s p o n s e  s u r f a c e  c o r r e l a t i o n  c o e f f i c i e n t s  f rom t h e  p r o c e s s  
v a r i a b l e  s t u d y  a r e  l i s t e d  i n  T a b l e  5 .  The C2-C4 o l e f i n  t o  p a r a f f i n  
r a t i o ,  , c a n  b e  e x p r e s s e d  a s  a r e s p o n s e  s u r f a c e  e q u a t i o n  f r o m  t h e  
d a t a  a s Y d o l l o w s :  

Y 1  - 3.406-0 .243  X 1  i 0 . 3 1 9  X2-0.884 X 4  + 0 . 0 2 6  X 1 2  - 0 . 0 0 3  X2'+ 

0 . 1 1 1  X 4 2  + 0.164X1X4-0 .233  X2X4 

w h e r e  Y 1 ,  X 1 ,  

T h i s  e q u a t i o n  c a n  be  u s e d  t o  q u a n t i t a t i v e l y  p r e d i c t  t h e  C 2 - C 4  
o l e f i n  t o  p a r a f f i n  r a t i o  f o r  t h e  r a n g e  o f  o p e r a t i n g  v a r i a b l e s  
i n v e s t i g a t e d .  The  r e s p o n s e  s u r f a c e  e q u a t i o n s  f o r  o t h e r  i n d e p e n d e n t  
v a r i a b l e s  c a n  a l s o  be  c o n s t r u c t e d  u s i n g  t h e  same t e c h n i q u e  a n d  t h e  
c o e f f i c i e n t s  a r e  p r e s e n t e d  i n  T a b l e  5. I n  t h i s  s t u d y ,  t h e  H2/C0 
r a t i o  a p p e a r e d  t o  b e  t h e  m o s t  s i g n i f i c a n t  o p e r a t i n g  v a r i a b l e .  The 
r e s p o n s e  f a c t o r  f o r  t h e  C 2 - C 4  o l e f i n  t o  p a r a f f i n  r a t i o  c h a n g e d  b y  a 
f a c t o r  o f  u n i t y  when t h e  H2/C0 r a t i o  was c h a n g e d  by a f a c t o r  o f  
-0 .884 a n d  t h u s  t h e  H2/C0 r a t i o  was j u d g e d  t o  b e  t h e  most  
s i g n i f i c a n t  o p e r a t i n g  v a r i a b l e  w h i l e  t h e  s p a c e  v e l o c i t y  was t h e  
l e a s t  s i g n i f i c a n t  o p e r a t i n g  v a r i a b l e  i n f l u e n c i n g  t h e  o l e f i n  t o  
p a r a f f i n  r a t i o .  T h u s ,  t h e  s p a c e  v e l o c i t y  (X3) was e l i m i n a t e d  f rom 
t h e  r e s p o n s e  s u r f a c e  e q u a t i o n .  The  f i r s t - o r d e r  c o e f f i c i e n t s  f o r  t h e  
p r e s s u r e  a n d  t e m p e r a t u r e  terms ( X ,  a n d  X 2 ,  r e s p e c t i v e l y )  were B1=- 
0 . 2 4 3  a n d  B2 = 0 . 3 1 9 ,  r e s p e c t i v e l y .  S i n c e  t h e  m a g n i t u d e  o f  e a c h  is  
l e s s  t h a n  t h e  m a g n i t u d e  o f  t h e  f i r s t  o r d e r  c o e f f i c i e n t  f o r  t h e  H / C O  
r a t i o  ( X , , ) .  B q  - - 0 . 8 8 4 ,  t h e  t e m p e r a t u r e  a n d  p r e s s u r e  a r e  less  
s i g n i f i c a n t  w i t h  r e g a r d  t o  t h e  C 2 - C 4  o l e f i n - t o - p a r a f f i n  r a t i o  t h a n  
t h e  H2/C0 r a + t i o .  T h e  f i r s t  a n d  s e c o n d  o r d e r  c o e f f i c i e n t s  f o r  t h e  
C 2 - C 4  a n d  C 5  h y d r o c a r b o n  y i e l d s  a r e  c o n s i d e r a b l y  s m a l l e r  t h a n  t h e i r  
r e s p e c t i v e  z e r o  or+der  c o e f f i c i e n t s ,  w h i c h  i n d i c a t e s  t h a t  t h e  y i e l d  
O f  C 2 - C 4  a n d  C 5  h y d r o c a r b o n s  i s  somewhat  i n s e n s i t i v e  t o  t h e  
O p e r a t i n g  c o n d i t i o n s  i n  t h e  r a n g e  o f  p r o c e s s  v a r i a b l e s  i n v e s t i g a t e d .  

E f f e c t  o f  P r e s s u r e  on P r o d u c t  D i s t r i b u t i o n  a n d  O l e f i n  S e l e c t i v i t y  

X 2 ,  X 3  a n d  X 4  h a v e  b e e n  d e f i n e d  p r e v i o u s l y .  

The c a r b o n  m o n o x i d e  c o n v e r s i o n  d e c r e a s e d  as t h e  p r e s s u r e  
d e c r e a s e d  A t  a t e m p e r a t u r e  o f  4 6 3  K ,  a s p a c e  v e l o c i t y  o f  
9 Cm3g-ls" a n d  a H2/C0 r a t i o  o f  o n e ,  t h e  c a r b o n  monoxide  c o n v e r s i o n  
d e c r e a s e d  f r o m  4 %  a t  4230 KPa t o  2 .8% a t  1 4 7 0  K P a .  A t  a t e m p e r a t u r e  
o f  4 7 3  K ,  a s p a c e  v e l o c i t y  of  1 2  cm3g- ' s - l  a n d  H / C O  r a t i o  o f  two.  
t h e  c a r b o n  m o n o x i d e  c o n v e r s i o n  d e c r e a s e d  f r o m  6 . 5 2  a t  3540 KPa t o  
5.7% a t  2160 K P a .  T h i s  d e c r e a s e  may be d u e  t o  a c h a n g e  i n  t h e  
c a r b o n  monoxide  s u r f a c e  c o v e r a g e  b r o u g h t  a b o u t  by t h e  p r e s s u r e  
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d e c r e a s e .  The  C 2 - C 4  o l e f i n  t o  p a r a f f i n  r a t i o  d e c r e a s e d  f r o m  3 . 8  a t  
1470 KPa t o  2.7 a t  4230 KPa. The c a r b o n  d i o x i d e ,  C 2 - C 4  
h y d r o c a r b o n s ,  and C 5 +  h y d r o c a r b o n  y i e l d s  r e m a i n e d  a l m o s t  c o n s t a n t  i n  
t h e  p r e s s u r e  r a n g e  f r o m  1 4 7 0  t o  4230 KPa. The  o l e f i n  t o  p a r a f f i n  
r a t i o s  f o r  t h e  C 2 ,  C 3 ,  C 4  a n d  C 2 - C  h y d r o c a r b o n  f r a c t i o n s  a l s o  
d e c r e a s e d  a s  t h e  p r e s s u r e  i n c r e a s e d .  t h e  o l e f i n  t o  p a r a f f i n  r a t i o s  
f o r  t h e  C 2  a n d  C 3  h y d r o c a r b o n  f r a c t i o n s  w e r e  c o n s i s t e n t l y  h i g h e r  
t h a n  t h a t  of  t h e  C 4  h y d r o c a r b o n  f r a c t i o n  i n  t h e  p r e s s u r e  r a n g e  
i n v e s t i g a t e d :  1470 KPa t o  4230 KPa A t  a r e a c t i o n  t e m p e r a t u r e  o f  
4 5 3  K ,  a s p a c e  v e l o c i t y  o f  9 cm3g-'s-l a n d  a H2/C0 r a t i o  of  1 ,  t h e  
o l e f i n  t o  p a r a f f i n  r a t i o s  f o r  t h e  C 2 ,  C 4  f r a c t i o n  i n c r e a s e d  f r o m  
3 . 7 ,  2 .8  and 2.1 a t  4230 KKPa t o  4.'2,* 3.7  and 3.8 a t  1 4 7 0  KPa, 
r e s p e c t i v e l y .  I t  i s  o b v i o u s  f r o m  t h e  s t o i c h i o m e t r i c  e q u a t i o n  f o r  
t h e  o l e f i n  h y d r o g e n a t i o n  r e a c t i o n :  

CnH2n + "2 =, CnH2n+2 

t h a t  t h e  o l e f i n i c  p r o d u c t s  a r e  f a v o r e d  a t  l o w e r  p r e s s u r e .  

E f f e c t  of T e m p e r a t u r e  on P r o d u c t  D i s t r i b u t i o n  and  O l e f i n  S e l e c t i v i t y  

The  c a r b o n  monoxide  c o n v e r s i o n  i n c r e a s e d  a s  t h e  t e m p e r a t u r e  
i n c r e  s e d  a t  a r e a c t i o n  p r e s s u r e . o f  3540 KPa, a s p a c e  v e l o c i t y  of  1 2  
cm3g-'s-l and  a H2/C0 of  t w o ;  t h a t .  i s ,  t h e  c a r b o n  monoxide  
c o n v e r s i o n  i n c r e a s e d  f rom 5 . 4 %  a t  453  K t o  6 . 3 %  a t  473  K .  The C 2 - C 4  
o l e f i n  t o  p a r a f f i n  r a t i o  i n c r e a s e d  f r o m  2.8 t o  3 . 7  a s  t h e  
t e m p e r a t u r e s  i n c r e a s e d  f r o m  443 t o  483  K .  The o l e f i n  t o  p a r a f f i n  
r a t i o s  of t h e  C 3  and  C 4  f r a c t i o n  i n c r e a s e d  a s  t h e  t e m p e r a t u r e  
i n c r e a s e d ,  w h e r e a s  t h e  o l e f i n  t o  p a r a f f i n  r a t i o  o f  t h e  C 2  t o  C 3  
h y d r o c a r b o n  f r a c t i o n s  was c o n s i s t e n t l y  h i g h e r  t h a n  t h a t  o f  t h e  C 4  
h y d r o c a r b o n  f r a c t i o n  i n  t h e  t e m p e r a t u r e  r a n g e  i n v e s t i g a t e d ,  4 4  
4 8 3  K .  A t  a p r e s s u r e  o f  2850 KPa,  a s p a c e  v e l o c i t y  of  9 cm3g-'s'' 
and  a H2/C0 r a t i o  of 1 ,  t h e  o l e f i n  t o  p a r a f f i n  r a t i o s  o f  C 2 ,  C 3  a n d  
C i n c r e a s e d  from 4 . 1 ,  2 . 5  and 1 . 9  a t  4 4 3  K t o  4 . 3 , 3 . 8  a n d  3 . 3  a t  
4 3 3  K ,  r e s p e c t i v e l y .  The c a r b o n  d i o x i d e  s e l e c t i v i t y  i n c r e a s e d  a s  
t h e  t e m p e r a t u r e  i n c r e a s e d .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n s  
made i n  c o n n e c t i o n  w i t h  t h e  c a t a l y s t  l o a d i n g  a n d  s t a b i l i t y  t e s t s .  

E f f e c t  o f  R e a c t a n t  Cas  S p a c e  V e l o c i t y  on P r o d u c t  D i s t r i b u t i o n  and 
O l e f i n  S e l e c t i v i t y  - 

The c a r b o n  monoxide  c o n v e r s i o n  d e c r e a s e d  a s  t h e  s p a c e  v e l o c i t y  
i n c r e a s e d  ( T a b l e  2 ) .  A t  h i g h e r  s p a c e  v e l o c i t i e s ,  t h e  c o n t a c t  t i m e  
b e t w e e n  r e a c t a n t  s p e c i e s  and  t h e  c a t a l y s t  s u r f a c e  was r e d u c e d .  The 
s h o r t e r  c o n t a c t  t i m e  r e s u l t e d  i n  l o w e r  c a r b o n  monoxide  c o n v e r s i o n .  
A t  a p r e s s u r e  o f  3540 KPa, a t e m p e r a t u r e  o f  453  K a n d  a H / C O  r a t i o  
of t w o ,  t h e  c a r b o n  monoxide  c o n v e r s i o n  i n c r e a s e d  f r o m  3 . &  t o  5 4 %  
as t h e  s p a c e  v e l o c i t y  d e c r e a s e d  f r o m  1 2  c m 3 g - l s - '  t o  6 ~ m 3 g - ~ s ' ~ .  
The o l e f i n  t o  p a r a f f i n  r a t i o s  of C 2 ,  C 3 .  C 4 ,  a n d  C 2 - C 4  h y d r o c a r b o n  
f r a c t i o n s  r e m a i n e d  c o n s t a n t  i n  t h e  r a n g e  of  s p a c e  v e l o c i t i e s  f r o m  3 
t o  1 5  c m 3 g - ' s - l .  The o l e f i n  t o  p a r a f f i n  r a t i o s  o f  t h e  C and  C 3  
h y d r o c a r b o n  f r a c t i o n s  were  c o n s i s t e n t l y  h i g h e r  t h a n  t h a t  oT t h e  c 4  
h y d r o c a r b o n  f r a c t i o n  i n  t h e  r a n g e  o f  s p a c e  v e l o c i t i e s  f r o m  3 t o  1 5  
c m 3 g - ' 3 - l .  A t  o t h e r  o p e r a t i n g  c o n d i t i o n s ,  t h e  o l e f i n  t o  p a r a f f i n  
r a t i o s  were  t h e  same a t  s a q e  v e l o c i t ' e s  of. 6 and 12  cm3 - l s - l  and  e5 h y d r o c a r i o n  y i e l d s  w e r e  i n 8 e p e n d d n t  o? 
~~~~~s ~ : f o i P t y ! ~ - $ f e  c a r b o n  d i o x i d e  y i e l d  d e c r e a s e d  f r o m  5 0 %  a t  a 

Th 
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s p a c e  v e l o c i t y  o f  3 c r ~ ~ g - ~ s - ~  t o  27% a t  a s p a c e  v e l o c i t y  o f  15  cm3g- 
1,-1.  A s  m e n t i o n e d  i n  t h e  s t a b i l i t y  t e s t  s e c t i o n .  t h e  h i g h  s p a c e  
v e l o c i t y  s u p p r e s s e s  ' t h e  Boudouard  and  water g a s  s h i f t  r e a c t i o n s ,  
t h u s  l e a d i n g - t o  a d e c r e a s e  i n  c a r b o n  d i o x i d e  p r o d u c t i o n .  

E f f e c t  o f  H y d r o g e n  t o  C a r b o n  Monoxide R a t i o  on P r o d u c t  D i s t r i b u t i o n  
a n d  O l e f i n  S e l e c t i v i t y  

The c a r b o n  m o n o x i d e  c o n v e r s i o n  d e c r e a s e d  as  t h e  H2/C0 r a t i o  
d e c r e a s e d  ( T a b l e  2 ) .  A t  a p r e s s u r e  o f  2850 KPa. a t e m p e r a t u r e  o f  
463  K a n d  a s p a c e  v e l o c i t y  o f  9 c m 3 g - l s - l  t h e  c a r b o n  monoxide  
c o n v e r s i o n  d e c r e a s e d  s h a r p l y  f r o m  14.5 % a t  a H2/C0 r a t i o  of  5 t o  
0 . 9  a t  a H / C O  r a t i o  o f  0 . 2 .  The o l e f i n  t o  p a r a f f i n  r a t i o s  o f  t h e  
c 2 ,  c 3 ,  c 4 ,  2and c2-c4  h y d r o c a r b o n  f r a c t i o n s  were  v e r y  s e n s i t i v e  t o  
t h e  H2/C0 r a t i o  ( T a b l e  3 ) .  A t  a c o n s t a n t  t o t a l  p r e s s u r e  a r e d u c t i o n  
i n  t h e  h y d r o g e n  t o  c a r b o n  monoxide  r a t i o  r e d u c e s  t h e  h y d r o g e n  
p a r t i a l  p r e s s u r e  i n  t h e  r e a c t o r  t h u s  f a v o r i n g  t h e  f o r m a t i o n  o f  
o l e f i n s .  The c a r b o n  d i o x i d e  y i e l d  a l s o  i n c r e a s e d  t o  some e x t e n t  a t  
t h e  h y d r o g e n  t o  c a r b o n  monoxide  r a t i o  d e c r e a s e d  i n d i c a t i n g  t h e  r a t e  
of t h e  B o u d o u a r d  r e a c t i o n  i n c r e a s e d  w i t h  l o w e r  h y d r o g e n  t o  c a r b o n  
monoxide  r a t i o .  

I n t e r a c t i o n  of P r o c e s s  V a r i a b l e  

The C 2 - C 4  o l e f i n  t o  p a r a f f i n  r a t i o s  w e r e  i n f l u e n c e d  by t h e  
p r o c e s s  v a r i a b l e s :  t e m p e r a t u r e ,  p r e s s u r e  and  H Z / C O  r a t i o .  The 
c o e f f i c i e n t  B 1 4  r e p r e s e n t s  t h e  i n t e r a c t i o n  b e t w e e n  t h e  p r e s s u r e  and  
t h e  H2/C0 r a t i o  a n d  was e q u a l  t o  0 . 1 6 4 .  T h u s ,  w h e n e v e r  t h e  t o t a l  
p r e s s u r e  or t h e  H2/C0 r a t i o  was c h a n g e d  by o n e  l e v e l ,  t h e  o l e f i n  t o  
p a r a f f i n  r a t i o  i n  t h e  C 2 - C 4  h y d r o c a r b o n  f r a c t i o n  c h a n g e d  by  a n  
amount  c o r r e s p o n d i n g  t o  a v a l u e  o f  0 . 1 6 4 .  The  c o e f f i c i e n t  B Z 4  
r e p r e s e n t s  t h e  i n t e r a c t i o n  b e t w e e n  t e m p e r a t u r e  a n d  t h e  H2/C0 r a t i o  
and  was e q u a l  t o  - 0 . 2 2 3 .  T h u s ,  w h e n e v e r  t h e  r e a c t o r  t e m p e r a t u r e  or 
t h e  H2/C0 r a t i o  i s  c h a n g e d  o n e  l e v e l ,  t h e  o l e f i n  t o  p a r a f f i n  r a t i o  
i n  t h e  C2-C4 h y d r o c a r b o n  f r a c t i o n  c h a n g e s  b y  a n  amount  c o r r e s p o n d i n g  
t o  a v a l u e  of 0 . 2 2 3 .  The ' r e t e n t i o n  o f  i n t e r a c t i v e  t e r m s  B 1 4  and 
B2,, ,  a f t e r  t h e  a n a l y s i s  o f  t h e  c o e f f i c i e n t s  is p r o b a b l y  r e l a t e d  t o  
t h e  i n f l u e n c e  of  p r e s s u r e ,  t e m p e r a t u r e  a n d  H2/C0 r a t i o  o n  t h e  
f r a c t i o n  o f  t h e  s u r f a c e  c o v e r e d  by t h e  r e a c t i n g  s p e c i e s ,  h y d r o g e n  
and  c a r b o n  m o n o x i d e  a n d  on t h e  r a t i o  o f  t h e  f r a c t i o n  o f  t h e  s u r f a c e  
c o v e r e d  by e a c h .  

S t a t i s t i c a l  Model 

The C 2 - C 4  o l e f i n  t o  p a r a f f i n  r a t i o ,  d i s p l a y e d  a s  a f u n c t i o n  o f  
p r o c e s s  v a r i a b l e s ,  t a k e n  two a t  a t i m e ,  p r e d i c t e d  f r o m  t h e  
s t a t i s t i c a l  d e s i g n  a r e  p r e s e n t e d  i n  F i g u r e s  4 a n d  5 .  T h e s e  f i g u r e s  
were  p e a r e d  u s i n g  a c o m m e r c i a l  ( G o l d e n  G r a p h i c s )  s o f t w a r e  
Packager1') on a n  I B M  P C  AT. The  i n v e r s e  d i  t c e  s q u a r e d  a l g o r i t h m  
was s e l e c t e d  f o r  t h e  g r i d  c a l c u l a t i o n .  "" t h e  c a l c u l a t i o n  
c o n d i t i o n s :  g r i d  s i z e  2 1 ,  s m o o t h  f a c t o r  0 . 9 5 ,  v i e w  a n g l e  60 d e g r e e s ,  
r o t a t i o n  a n g l e  2 2 5  d e g r e e s ,  a n d  h e i g h t / w i d t h  r a t i o  of  o n e  were 
s e l e c t e d  t o  b e t t e r  d i s p l a y  t h e  r e s p o n s e  s u r f a c e s .  The v a r i a b l e  
d e p e n d e n c e  c a n  be  u n d e r s t o o d  by c o m p a r i n g  t h e  s l o p e s  o f  t h e  two 
l i n e s  AB a n d  AC i n  F i g u r e  4. The r a t e  o f  c h a n g e  o f  A C  a s  a f u n c t i o n  
Of  t h e  H2/C0 r a t i o  is  g r e a t e r  t h a n  t h a t  o f  AB a s  a f u n c t i o n  of  
P r e s s u r e .  The s m o o t h  r e s p o n s e  s u r f a c e  o b t a i n e d  f r o m  t h e  c o r r e l a t i o n  
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a t  l e a s t  i n d i c a t e s  t h a t  t h e  r e a c t i o n  c o n d i t i o n s  u s e d  i n  t h i s  
i n v e s t i g a t i o n  a r e  r e a s o n a b l e  and  t h e  p r e d i c t e d  model  c a n  b e  e x t e n d e d  
t o  o t h e r  p r o c e s s  v a r i a b l e s .  

Optimum P r o c e s s  O p e r a t i n g  C o n d i t i o n s  

The  p r o c e s s  o p e r a t i n g  c o n d i t i o n s  r e q u i r e d  t o  p r o d u c e  t h e  
o p t i m a l  C 2 - C 4  h y d r o c a r b o n  f r a c t i o n ,  o l e f i n  t o  p a r a f f i n  r a t i o ,  were  
computed  u s i n g  t h e  c a l c u l a t e d  c o e f f i c i e n t s  f o r  t h e  r e s p o n s e  s u r f a c e  
a s  t h e  i n p u t  d a t a .  A s  d i s c u s s e d ,  a l o w e r  H2/C0 r a t i o ,  a h i g h e r  
t e m p e r a t u r e  and  a l o w e r  p r e s s u r e  would  b e  e x p e c t e d  t o  p r o d u c e  a 
h i g h e r  o l e f i n  t o  p a r a f f i n  r a t i o  i n  t h e  C z - C 4  h y d r o c a r b o n  f r a c t i o n .  
The  H2/C0 r a t i o  is l i m i t e d  t o  a minimum v a l u e  o f  0 . 5  i n  t h e  
e x p e r i m e n t  t o  a v o i d  e x c e s s i v e  c a r b o n  d e p o s i t i o n  on t h e  c a t a l y s t .  
The o p t i m a l  o p e r a t i n g  c o n d i t i o n s  a n d  t h e  C 2 - C q  o l e f i n  t o  p a r a f f i n  
r a t i o s  p r e d i c t e d  f r o m  t h e  r e s p o n s e  s u r f a c e  e q u a t i o n  w e r e :  a p r e s s u r e  
of  1 4 7 0  KPa, a t e m p e r a t u r e  of  473  K ,  a s p a c e  v e l o c i t y  of 
12  c m 3 g - ' s - ' ,  a H2/C0 r a t i o  o f  0 .5  a n d  a n  o l e f i n  t o  p a r a f f i n  r a t i o  
of  5 . 4 .  A t  t h e  p r e d i c t e d  o p t i m a l  o p e r a t i n g  c o n d i t i o n s ,  a n  o l e f i n  t o  
p a r a f f i n  r a t i o  o f  6.0 was o b t a i n e d ,  w h i c h  was h i g h e r  t h a n  
e x p e c t e d .  A t  t h e  o p t i m a l  o p e r a t i n g  c o n d i t i o n s ,  t h e  o l e f i n  t o  
p a r a f f i n  r a t i o s  f o r  t h e  C2,  C a n d  C 4  h y d r o c a r b o n  f r a c t i o n s  w e r e  a s  
f o l l o w s :  t h e  e t h y l e n e  t o  e l h a n e  r a t i o  was 5 .  t h e  p r o p y l e n e  t o  
p r o p a n e  r a t i o  o f  9 . 3  a n d  t h e  b u t y l e n e s  t o  b u t a n e s  was 5 . 2  

CONCLUSIONS 

The  a c t i v i t y  a s  r e f l e c t e d  b y  c a r b o n  monoxide  c o n v e r s i o n  and  t h e  
s e l e c t i v i t y  a s  r e f l e c t e d  b y  t h e  C - C 4  o l e f i n  t o  p a r a f f i n  r a t i o  
of  t h e  Raney i r o n - m a n g a n e s e  c a t a f y s t  w e r e  c o n s t a n t  up t o  40 
h o u r s  on s t r e a m .  

The most  i n f l u e n t i a l  o p e r a t i n g  v a r i a b l e  i n  d e t e r m i n i n g  t h e  
o l e f i n  s e l e c t i v i t y  is  t h e  H2/C0 r a t i o .  

The  o p t i m a l  o p e r a t i n g  c o n d i t i o n s  f o r  t h e  m a x i m i z a t i o n  of low 
m o l e c u l a r  w e i g h t  o l e f i n s  w e r e :  a t e m p e r a t u r e  o f  4 7 3  K ,  a s v  of 
1 2  c m 3 g - l s - ' ,  a H2/C0 r a t i o  of  0 .5  a n d  a p r e s s u r e  o f  1470 KPa. 
T h e  o l e f i n  t o  p a r a f f i n  r a t i o  a t  t h e s e  c o n d i t i o n s  i s  6 . 4 .  

A C K N O W L E D G E M E N T  

The f i n a n c i a l  a s s i s t a n c e  p r o v i d e d  b y  t h e  M o b i l  R e s e a r c h  and 
Deveopment  C o r p o r a t i o n  t h r o u g h  t h e  I n d u s t r i a l  A f f i l i a t e s  P r o g r a m  of 
t h e  L a b o r a t o r y  o f  C o a l  S c i e n c e ,  S y n t h e t i c  F u e l s  a n d  C a t a l y s i s  i s  
g r a t e f u l l y  a c k n o w l e d g e d .  
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Table 1 

Range of Process Operat ing Condit ions for  
Process V a r i a b l e  Study 

- 
2 Range(') - 1  0 1 -2 V a r i a b l e  l e v e l  

Temperature, K 443 453 463 473 483 10  

Pressure,  KPa 1470 2160 2850 3540 4230 690 

Hydrogen to Carbon 5 / 1  2 / 1  1 / 1  l /2  1/5 1 / 2  

Monoxide R a t i o  

3 3 6 9  12 15 
Space V e l o c i t y ,  

cm3 g-1 s-1 
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Title 2 

carbon ironoridc Conversion ard Prdwt n i s t r l b u t i o n  

Process Variable Inves t iga t ion  

taney IronIMangsnese (1611) Catalyst 

P r c s s ~ r e  ?en,ncratbre Space HrdroqenlCarbon Carbon Monoxide Product O i s t r i b u t i m  

Run Ve loc i ty  Unox ide  Conversion (mol  I) 
NO. (XPa) (U) (cn3q-'s-') R a t i o  (mol I) CI CZ4, c5+ co2 

I 3540 473 211 6.3 0.19 
2 
3 

4 
5 
6 

7 

8 
9 

10 
11 

I2 
13 

14 
15 
16 

17 

18 
19 

m 
21 
22 
I3  
24 
25 

3540 
3540 

3540 

3540 
3540 
3540 

3540 

2160 
21 60 
2160 

2160 

2160 

2160 
21 60 

21 60 

4230 

2850 

2850 

1470 

2040 

1 5 0  
2ll50 

2850 

2850 

473 12 
4 7 3  6 

473 6 
453 1 2  

153 I2 
453 6 

453 6 
473 I2 
473 12 
473 6 

473 6 

453 1 2  

453 12 
453 6 

453 6 
463 9 

463 9 
403 9 
44 3 9 
463 15 
153 3 
163 9 

463 9 
463 9 

112 
211 
112 
211 
I12  
211 
112 

211 
112 

211 
112 

211 

112 

I l l  
I12 
111 
111 
I11 
111 
111 
111 
511 

I 1 5  

111 

2.2 0.15 
13.3 0.18 
5.7 0.14 
3.6 0.19 

5.4 n.n 

5.0 0.22 

I .2 0.17 

1.8 0.15 

1.8 0.17 

11.2 0.21 
2.5 0.16 

2.7 0.23 

1.1 0.19 

1.6 0.22 
1.5 0.17 

4.0 0.16 
2.n 0.20 

11.9 0.17 

0.9 0.20 
2.5 0.18 

13.6 0.16 
14.5 0.21 

0.9 0.19 

3.0 0.18 

0.53 
0.54 
0.53 

0.55 
0.55 

0.53 
0.49 

0.50 

0.52 

0.51 
0.52 

0.53 
0.53 

0.45 

0.52 
0.49 

0.s 
0.50 

0.49 

0.49 

0.50 

0.53 

0.55 

0.56 

0.53 

0.27 
n.31 
0.m 

0.26 
0.30 

0.29 
0.26 

0.31 

0.26 
0.32 
0.26 
0.31 

0.24 

0.31 

0.26 

0.29 
0.27 

0 . a  

0.- 

0.29 

0.25 

0.27 
0.22 
0.28 
0.3 

0.18 
0.27 
n.zz 
0.51 
0.15 
0.18 
0.1 1 
0.30 

0.24 
0;32 

0.29 
0.23 

0.12 

0.44 

0.15 

0.29 

0.31 
0.32 

0.52 
0.09 
0.21 
0.51 
0.15 

0.61 

0.33 
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Tahle 3 

c2. c3. c, a n i  c2-c4 o l e f i n  selectivity 

Process Var iab le Invest lqat lon 

Raney Ironlnanpsnese (1611) Catalyst 

Pressure Tmoerature SDICL HydroqenlCarbon Carbon Monoxide O l c f l n  t o  P a r a f f i n  
Run Veloc l ty  mnoxide Conversion R a t l o  
NO. (XPa) ( K )  (cn19'ls-l) Rat io  (mol I) c2 C) c4 cz-c4 

1 3540 4II 12 211 6.3 1.9 2.8 2.1 2.3 
2 
3 
4 
5 

6 
7 
8 
9 

IO 
11 
12 

13 

I4  
I5 
16 

I 7  

I8 
1 9  

20 

21 
22 
23 
24 
25 

3540 

3540 
3540 
3540 
3540 
3540 
3540 
2160 
2160 
2160 

2160 
2160 

21 60 
2160 
21 60 

42x7 
1470 
2R5O 
2840 

z8sn 
2850 
2850 
2850 
2850 

473 
473 

473 
453 
453 
453 
453 
473 
473 

473 
a73 

453 

453 

453 
453 
463 
463 
an3 
443 
463 
451 
463 
463 
463 

12 

6 
12 6 

I2 
6 
6 

12 12 

6 

12 6 

12 

6 
6 
9 
9 
9 

15 9 

3 
9 
9 

9 

2.2 5.0 4.3 3.5 
13.3 1.9 2.9 2.7 

5.7 5.0 4.3 3.2 
3.6 2.4 2.3 1.8 
1.2 4.8 3.2 2.3 
5.4 2.1 2.3 1.7 
1 .8 4.6 3.1 2.3 
5.n 1.5 3.4 2.5 
1.8 5.4 5.6 4.3 

11.2 1.5 3.5 2.6 
2.5 5.2 5.6 4.1 

2.7 2.2 2.8 2.1 

1 . I  5.6 3.8 2.8 
4.7 2.0 2.7 7.0 
1.5 5.4 3.8 2.n 
4.0 3.7 2.n 2.1 

1.1 4.2 3.7 2.8 
11.9 4.3 3.8 3.3 

0.9 4.1 2.5 1.9 

2.5 3.9 3.1 2.4 
13.6 3.3 3.4 2.3 
14.5 0.9 2.3 1.7 
0.9 7.1 5.9 4.4 

3.3 3.5 3.6 2.8 

4.0 

2.5 
4.0 
2.1 
3.1 
2.0 
3.1 
2.4 
5.1 
2.5 
4.9 

2.4 

3.1 
2.4 
3.7 
2.7 
3.8 
3.8 
2.6 

3.0 
1.0 
1.6 

5.6 
3.3 
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Table 1 

Corrclrllm Cocfffcltnts frm the Process Vwltble Invcstiprlon 

3.3lO 

0.319 

-0.001 

-0.884 
-0.034 

-0.057 

-0.093 

-2.43 

n.051 
- o m 9  
-0.033 
0.164 

-0.223 
-0.031 

0.180 
-0.3:2 
-0.W7 
0.006 
0.021 

-0.001 
0.000 

-0.534 

o m 1  
0.000 
0.000 

-0.003 
0.001 

-0.W1 

0.530 

0.0!1 
0.012 

-0.010 
0.w4 

-0.001 
-0.003 
-0.002 
-0.004 
0.001 

0.001 

-0.002 
-0.014 

0.005 

0.m 
n m, 

0.006 

0.031 
-0.019 
-0.002 

-0.006 

-0.wz 
-0.010 

0.030 

d.MI 

0.W4 
0.000 

0.004 

0.380 

0.M: 

0.049 
-0.023 

-0.092 
-0.030 
-0.033 

-0.M)z 

4 . 0 1 4  

0.010 
-0.025 

-0.020 
0.030 

-0.015 

( I )  e l :  pressure. e2 :  temperature. E]: space velocity 
04:  hydrogen t o  carbon mnoxlde rat io 

Table 5 

Reduced Correlrtlm Coefficients firm the 
QrKess Var:aDle Investigation 

60 
6 1  

6 2  

'4 

%I 
'22 
'I3 
644 

612 

'14 

'74 

'34 

'3 

I 13  

'23 

3.047 

-0.243 
0.319 

..... 
-0.884 

0.026 
0.W3 

0.111 
..... 
..... 
..... 

0.164 ..... 
-0.223 

..... 

n.iw 
-0.012 

0.07 

0.W6 

0.021 

..... ..... ..... 
n.011 ..... ..... 
..... ..... 

-0.014 

..... 

0.520 

0.0II 
0.012 

-0.010 ..... ..... 
..... 
..... 
..... 
..... 
..... 
..... 
..... 
..... 
..... 

2.910 n.108 

0.006 0m8 
..... 
..... -0.023 

-0.019 -0.092 

..... ..... 
-0.004 -0.016 

..... ..... 
- o m 8  0.002 

..... ..... 

..... ..... 

..... ..... 

..... ..... ..... ..... 

..... ..... 

(1) sl: Dresswe.  e2 : temperature. el: space velocity 
6,: hydrogen t o  cdrbon mnoiibc ratio 
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